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Abstract. In vivo, folding of many proteins occurs during their synthesis in the ribosome and
continues after they have escaped from the ribosomal exit tunnel. In this research, we investigate
the connement eects of the ribosome on the cotranslational folding of three proteins, of PDB
codes 1PGA, 1CRN and 2RJX, by using a coarse-grained model and molecular dynamics simula-
tion. The exit tunnel is modeled as a hollow cylinder attached to a at wall, whereas a Go-like
model is adopted for the proteins. Our results show that the exit tunnel has a strong eect on the
folding mechanism by setting an order by which the secondary and tertiary structures are formed.
For protein 1PGA, the folding follows two dierent folding routes. The presence of the tunnel also
improves the foldability of protein.
I. INTRODUCTION
Signicant insights on the protein folding problem [1] have been obtained in recent
years through protein engineering experiments [2] and corroborated theoretical frameworks
supported by computer simulations [3{5]. Yet, our current understanding of protein folding
is mostly based on in vitro experiments [6]. Folding in vivo might be quite dierent from
that in the test tube. For examples, folding in vivo could be aected by macromolecular
crowding [7] in the intracellular environment. Folding of newborn or nascent proteins is
under inuence of the ribosome and other molecular machineries such as chaperones [8].
Accumulated experimental evidences have conrmed that protein folds cotransla-
tionally, i.e. nascent polypeptide chain starts to fold during their synthesis in the ribo-
some [9{11]. Furthermore, the ribosome has been shown to promote ecient folding of
nascent proteins [12]. Interestingly, the non-equilibrium character of the translational pro-
cess also favors the formation of helices near the C-terminus [13]. Of particular importance
for nascent protein folding is the ribosomal exit tunnel [14], a narrow channel in the ribo-
some large subunit, through which nascent proteins are secreted to cellular environment.
The exit tunnel is about 80-100A in length and 10-20A in diameter [15]. While the tunnel
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is too narrow for a full tertiary structure of protein, small modular structures such as
-helix and -hairpin are able form inside the tunnel [16].
In this study we investigate the eect of the exit tunnel on folding of nascent pro-
teins. In particular, we focus on how folding occurs inside the tunnel and whether the
presence of the tunnel helps protein to fold more correctly. Such informations will be ob-
tained by coarse-grained molecular dynamics simulations. We will study cotranslational
folding for three short proteins with PDB codes 1PGA, 1CRN and 2JRX. The basic dif-
ference between these proteins resides on their native structures: 2JRX has only -helices,
whereas 1PGA and 1CRN have both -helices and -sheets.
II. MODEL AND METHODS
Go-like model with repulsive potential from ribosomal exit tunnel
Go-like models [17] have been very successful in studies of protein folding mechanism
[18, 19]. The main idea of these models is to assign attractive interactions only to the
native contacts. In this research we consider a version of o-lattice Go-like model which
essentially follows Ref. [20]. The exit tunnel is modeled as a hollow cylinder of length of
100Aand of uniform diameter of 20A(Fig. 1). The nascent protein is supposed to grow
from the left end of the tunnel and escapes out of the tunnel through the right end. The
latter is attached to a at wall mimicking the ribosome body. The protein translation
direction is from the N-terminus to the C-terminus.
A protein conformation is given by the positions of the C atoms. The energy of a
conformation   in presence of the tunnel is given by:
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where the subscript 0 is a notation for native state; b is the distance between two consec-
utive residues along the chain;  is the bond angle formed by three subsequent residues
and  is the dihedral angle dened by four subsequent residues along the chain. rij is the
distance between i and j residues. i is the distance from residue i either to the tunnel wall
or the attached wall depending whether it is inside the tunnel or not. cij = 1 if i and j are
a pair of residues which forms a contact in the native state (a native contact) and cij = 0 if
they do not. A native contact is dened if the distance between the residues in the native
state is smaller than 7:5A and the residues are separated by at least 3 other residues along
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Fig. 1. Sketch of connement geometry of ribosomal exit tunnel modeled as an
uniform cylinder and protein cotranslational folding within the tunnel.
the chain. The chosen coecients are Kb = 100A
 2;K = 20(rad) 2;K
(1)
 =  ;K(3) =
 0:5; 0 = 1 = 5A and ij = 2 1=6(rij)0. The last term in Eq. (1) corresponds to the
repulsion from the wall of the cylinder.
Molecular Dynamics method
The time evolution of folding for each protein was simulated by using Molecular
Dynamics (MD) method with Langevin equation:
m~r = ~f    _~r + ~ ; (2)
where ~f is the force due to molecular interaction potentials in the model,  is the friction
constant. ~  is a random force in form of a white noise of zero mean and time correlation
h (t) (t + t0)i = 2mkBT(t0), where m is the mass of the amino acid, kB is the
Boltzmann constant, T is the temperature,  and  denote any of the x, y, or z com-
ponents. If  = 0, the Langevin equation turns into the deterministic Newton equation.
Distance is measured in units of A, and the unit of time is  = A
p
m=. Temperature
is measured in units of =kB. The friction coecient is chosen to be  = 0:5 m
 1. For
simplicity, we use a reduced unit system in which m = 1,  = 1, and kB = 1. Eq. (2) is
integrated using the Verlet algorithm with time step t = 0:01 .
III. RESULTS AND DISCUSSION
Eect of ribosomal exit tunnel on the formation of secondary and tertiary
structures
The rst issue we investigate is the eect of ribosomal exit tunnel on the forma-
tion of secondary structures for 1PGA protein. Our simulations show that the secondary
structures of 1PGA including the -helix and the -hairpin are able to formed within
the tunnel. The simulation temperature was chosen to be T = 0:5=kB, which is below
the folding transition temperature (about 0.9=kB in our model). Fig. 2 shows a two-
dimensional histogram of conformation as function of the number of native contacts, (Q),
and the number of amino acids emerged from the exit port, (Nout), in 100 folding trajec-
tories. It clearly shows that the formation of the tertiary structures follows two dierent
folding routes.
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Fig. 2. Histogram of 100 folding trajectories as function of number of native
contacts (Q) and number of amino acids emerged from exit port (Nout) for 1PGA
protein.
When the rst amino acid emerges from the exit tunnel, the nascent chain is partially
folded with 25   65 native contacts formed. These contacts are due to the presence of
the secondary structures, the -helix and the -hairpins. It can be seen in Fig. 2 that in
both folding routes the rst -hairpin (associated with the N-terminus) and the -helix
are formed, but the second -hairpin (associated with the C-terminus) is formed only in
the upper folding route (with higher Q). For the latter, the number of contacts gradually
increases, whereas for the lower folding route (with lower Q), there is a jump in Q when
the last amino acid is released from the exit port.
Previous experimental studies have showed that the nascent polypeptide chain can
form the -helix and the -hairpin within the exit tunnel [16]. It has been also shown
that near the exit port protein can also form the -sheets and a partial tertiary structure
corresponding to a sub-domain folding [21,22]. Our above simulation results are consistent
with these experimental ndings. A new insight from our study is that the folding of 1PGA
in the presence of the exit tunnel proceeds following two dierent routes.
We continue to study two other proteins: 1CRN and 2RJX. The results are shown
in Fig. 3 and Fig. 4. For 1CRN, folding clearly follows a single route (Fig. 3) and
proceeds in three distinct steps. For Nout < 30 only -helices are formed, and no tertiary
structure is found. For Nout between 35 and 45, there is a jump in Q which indicates
that an essential portion of tertiary structure has been established. The last jump in Q
happens at Nout  46, i.e. equal to the full length of the protein (N = 46). This jump
corresponds to a release of the C-terminal tail of the protein from the exit port and the
formation of the last tertiary contacts with the rest of the protein.
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Fig. 3. Histogram of 100 folding trajectories as function of number of native
contacts (Q) and number of amino acids emerged from exit port (Nout) for 1CRN
protein.
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Fig. 4. Histogram of 100 folding trajectories as function of number of native
contacts (Q) and number of amino acids emerged from exit port (Nout) for 2RJX
protein.
The folding of 2RJX also follows a single route for Nout < 35, when only the -
helices are able to form. The protein starts to form tertiary contacts when more than 35
residues are released from the exit port. Fig. 4 shows that for Nout > 35 the number of
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native contacts, Q, varies to a large extent, which indicates that there is no clear ordering
in tertiary contact formation for this protein.
Our results show dierent folding scenarios for three dierent proteins. The only
common thing is that the presence of exit tunnel helps the establishment of the secondary
structures before the formation of tertiary structure. The formation of -hairpin in side
the tunnel is less probable than that of the -helix which leads to two dierent folding
routes in the case of 1PGA. Depending on the protein, the tertiary structure can form
gradually (1PGA, upper folding route), in steps (1CRN) or without ordering (2RJX).
Eect of ribosomal exit tunnel on the successful folding probability
We study also the eect of ribosomal exit tunnel of the folding eciency of 1PGA
protein. We compare the probability of successful folding, Pfold for three cases: a) re-
folding without translation, b) cotranslational folding without the exit tunnel, and c)
cotranslational folding with the exit tunnel. The results are shown in Fig. 5 where Pfold
is plotted against time. It is interesting to note that the presence of the exit tunnel leads
to an increase of about 4% in Pfold at large t. Thus, the exit tunnel has a favorable eect
on folding eciency. This nding is consistent with recent experimental result [12] on the
folding of T4 lysozyme with and without the ribosome.
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Fig. 5. The successful folding probability, Pfold, of 1PGA protein in three cases:
a) refolding (without translation), b) cotranslational folding without the exit tun-
nel and c) cotranslational folding with exit tunnel. t = 0 corresponds to the
moment when the protein is fully unfolded (a), fully translated (b), and fully
translated and released from the exit port (c). The probability Pfold for each case
was calculated based on 500 independent folding trajectories.
In summary, we have shown that the folding mechanism of nascent proteins is sig-
nicantly inuenced by the ribosomal exit tunnel. The latter denes an order by which
the secondary and tertiary structure are formed. It also improves the folding eciency
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of nascent proteins. The eect of ribosomal exit tunnel together with other cell mech-
anisms (such as the works of chaperones) help nascent proteins to avoid misfolding and
aggregation.
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